l" Endothelin (ETl receptor subtypes (ETA and ETBl in human meningiomas were characterized using quantitative receptor autoradiography. A single class of high-affinity 125I_ET_I binding sites was localized in all meningioma tissue studied (dissociation constant: 2.4 :+: 0.3 nM, maximum binding capacity: 319 :+: 66 fmol/mg (mean:+: standard error of the mean for 13 tumors)). Unlabeled ET-I showed a strong affinity for 125I_ET_1 binding to tissue sections of the tumors with a 50% inhibiting concentration (IC 50 ) of 2.9 :+: 0.7 X 10-9 M, whereas ET-3 showed a much lower affinity (lC so : 8.4 :+: 2.5 X 10-6 M). Sarafotoxin S6c, a selective agonist for the ETBreceptor, could not compete for 125I_ET_1 binding to meningiomas. Endothelin-l significantly stimulated deoxyribonucleic acid (DNA) synthesis in a dose-dependent manner in cultured human meningioma cells. In contrast, no significant stimulation of DNA synthesis occurred with an S6c concentration up to 10-7 M. Pretreatment of the meningioma cells with pertussis toxin, a bacterial toxin that adds adenosine 5'-diphosphateribose to the a subunit of guanine nucleotide binding (G) proteins such as G i or Go' induced a concentrationdependent reduction in ET-stimulated DNA synthesis in meningioma cells, but did not affect the epidermal growth factor-induced DNA synthesis. These observations suggest that the ETA receptor is predominantly expressed in human meningioma tissue and that ET may act as a growth factor on the meningioma cells by interacting with the ETA receptor and by pertussis toxin-sensitive mechanisms.
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Two ET receptor subtypes (ETA and ETB) have been cloned from the complementary deoxyribonucleic acid (DNA) library of bovine and rat lungs,2,41 respectively. In the order of affinity for ETA' ET-I is similar to ET-2 which is greater than ET-3, whereas ETB shows an equipotent affinity for all three ET'S. 40 In addition, sarafotoxin S6c, a snake venom toxin, acts as a highly selective ETB receptor agonist. 55 Both subtypes belong to the superfamily of guanine nucleotide binding protein-coupled receptors,40 Differential expression and the distinct function of each receptor subtype have been N. Kitagawa, et al.
Materials and Methods
* Consecutive tissue sections were incubated with 0.1 nM 125I_ET_l in the presence of increasing concentrations of unlabeled ET-l. To determine K" and B m "" binding data were analyzed using the LIGAND computer program. found in tissues or cell culture systems. 40 Endothelin receptor subtypes in human brain tumors were given less attention.
Specific ET receptor subtypes in human meningiomas were characterized using quantitative receptor autoradiography. The biological significance of these subtypes in cell growth became evident in 3H-thymidine incorporation studies.
firmed that the condition of the tissue sections did not deteriorate during prolonged incubation in solution at 4°q. After incubation, the slides were rinsed three times, for 1 minute each time, in 50 mM fresh ice-cold Tris-HCl buffer (pH 7.4), followed by a dip in ice-cold distilled water; the sections were then air-dried. Nonspecific binding was determined in the presence of 10-6 M unlabeled ET-1,33 To characterize ET receptor subtypes, consecutive sections were incubated with 0.1 nM 125I-ET-l in the presence of increasing concentrations of ET-l (10-12 to 10-6 M), ET-3 (10-12 to 10-5 M), and S6c (10-12 to 10-6 M), a selective ligand for the ETB receptor. 55 The dry-labeled sections were exposed to a radioluminographic imaging plate (Type BAS-lll) with calibrated 125I-Iabeled standards. The autoradiograms obtained were analyzed with the radioluminographic imaging-plate system, *1 and the results were expressed as the mean ± standard error of the mean in fmol/mg, based on a comparison with standard curves for sets of standards run on each autoradiogram. 19 ,33,5o The 50% inhibiting concentration (IC so ) values were calculated by computer.t 50 . S1 To determine the maximum binding capacity (B max ) and the dissociation constant (Kct) from competition experiments, binding data were analyzed using the LIGAND computer program. 28 ,30 To obtain autoradiograms of a higher resolution, the dry-labeled sections were apposed to 3H-Hyperfilm in x-ray film cassettes for 2 days and the films were devel0Poed with a D19 Kodak developer for 4 minutes at 4°C. 0 * BAS 2000 imaging-plate system manufactured by Fuji Photo Film Co., Tokyo, Japan.
t GraphPAD Inplot program supplied by GraphPAD. San Diego, California.
Culture of Human Meningioma Cells
Immediately after the removal of tumor from three patients (Cases 6, 9, and 12), the specimens were minced into I-sq mm pieces and incubated in 0.125% trypsin and 0.02% EDTA solution for 15 minutes at 37°C. Trypsin activity was inhibited by adding Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS). After the cell pellet was centrifuged at 1500 G, it was resuspended in complete medium (DMEM supplemented with 10% FBS) and the cells were mechanically dispersed. The cells were seeded in 75-sq cm tissue culture flasks and cultured at 3rC in 5% CO 2 /95% air with 100% humidity until subconfluence occurred at 1 week. 19 The morphological appearance of the cultured meningioma cells was similar to that described in previous studies. 13 , 53 The cells are polygonal in shape, have ovoid or round nuclei with one to four nucleoli, and manifest formations of whorls.
3H-Thymidine Incorporation Studies
To test the effect of ET analogs (ET-l and S6c) on stimulation of DNA synthesis in cultured human meningioma cells, 3H-thymidine incorporation studies 
Tumor Specimens
Fresh surgically excised human meningioma specimens obtained from 13 patients were immediately placed in liquid nitrogen and stored at -80°C for less than 1 month. The histological subtypes of the meningiomas are listed in Table 1 
Quantitative Receptor Autoradiography
Sections were labeled in vitro with 125I_ET_l (specific activity: 2200 Ci/mmol) using experimentally determined incubation parameters. Each section was preincubated for 10 minutes at 22°C in 50 mM Tris-HCI buffer (pH 7.4) containing 100 mM NaCI, 10 mM Na 2 ethylenediamine tetra-acetic acid (EDTA), bacitracin
(1 mg/ml), leupeptin (4 J.Lg/ml), chymostatin (2 J.Lglml), 10 J.LM phosphoramidon, and 0.3% protease-free bovine serum albumin (BSA). Sections were then incubated for 48 hours at 4°C (various periods of incubation were used for time-course experiments) in fresh buffer containing the appropriate ligand (we had earlier con-
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Localization of 125/_ET_l Binding Sites
Specific ET binding sites were localized in the tissue sections of all human meningiomas tested. Conversely, normal dural membrane adjacent to the tumor tissue did not exhibit specific ET binding. Nonspecific binding was less than 5% of the total binding. Diffuse and dense ET binding was observed in most cases (Fig. 2) . Identification of precise cell types exhibiting these binding sites in tissue sections of the tumors was not feasible with our quantitative macro-autoradiography system because of the inherent limitation in the resolution of the technique. However, when compared to adjacent sections stained with hematoxylin and eosin, ET binding sites showed a nonvascular pattern of distribution, as was noted in human glioma tissues. 18 Results Figure 1 shows the time course of 125 1_ET-1-specific binding in meningioma tissue sections at 4°C. The binding reached equilibrium after 24 hours and remained stable for at least 72 hours. Thus, we used 48 hours as an incubation time in the following experiments.
Binding Conditions

Characterization of ET Receptor Subtypes in Meningiomas
The 12sI_ET_1 binding sites in human meningiomas were characterized using the cold-ligand (unlabeled ET-l)~aturation method. The LIGAND computer program fitted the data for the one-site model statistically better than did the two-site model, as evidenced by a s~rai~ht line on the Scatchard plot (Fig. 3 inset) . The bmdmg parameters I<tt and B m _ x are listed in Table 1 .
A single class of high-affinity sites was localized in all 13 meningiomas studied, regardless of histological subtypes of the tumor specimens (I<tt: 2.4 ± 0.3 nM, B m _ x : 319~66 fmol/mg).
Specific ET binding in the tissue sections of meningiomas was completely displaced by incubation in the presence of ET-1 with an IC so of 2.9 ± 0.7 X 10-9 M, whereas the affinity of ET-3 in these tissues was three to four orders of magnitude lower than that of ET-1 (IC so : 8.4 ± 2.5 X 10-6 M). In contrast, no significant displacement occurred with a concentration of S6c up to 10-6 M in meningioma tissue sections (Figs. 2 and 3 and Table 2 ). were performed accordin r to a modification of the method of Russell, et al.,3 as described previously by US. 19 The cultured meningioma cells, after a single passage, were treated with 0.1 % trypsin and 0.02% EDTA solution, suspended in DMEM/Ham's F-12 medium (F-12) (1:1) containing 0.1 % FBS and plated onto 24-well tissue culture plates at a density of 3 X 10 4 cellsl well. The cells were cultured at 37°C for 48 hours; next, the medium was changed to serum-free DMEM/F-12
(1: 1) and the preparation was incubated for another 48 hours. The cultures were then incubated with increasing concentrations (10-13 to 10-7 M) of ET-1, S6c, and 5% FBS, after being washed with fresh DMEM/F-12
(1: 1). The control cultures were incubated with DMEM/F-12 (1:1) containing 0.1% BSA. After incubation for 24 hours, 3H-methyl thymidine (0.5 p.Cil well) was added to the cultures and incubation was continued for another 4 hours at 37°C. The reaction was halted by aspiration of the incubating solution and washing the cells three times with ice-cold phosphatebuffered saline. The cultures were then incubated with 5% trichloroacetic acid (TCA) at 4°C for 20 minutes. The cultures were washed' with fresh 5% TCA, after which they were dissolved in 1% sodium dodecyl sulfate. The resultant solution was added to 10 ml of a scintillation cocktail:j: and counts were made using a scintillation counter. Results were analyzed by unpaired t-test; a p value of less than 0.05 was considered statistically significant.
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The 12sI_ET_1 binding sites in human meningiomas were characterized using the cold-ligand (unlabeled ET-l)~aturation method. The LIGAND computer program fitted the data for the one-site model statistically better than did the two-site model, as evidenced by a s~rai~ht line on the Scatchard plot (Fig. 3 inset) . The bmdmg parameters I<tt and B m _ x are listed in Table 1. A single class of high-affinity sites was localized in all 13 meningiomas studied, regardless of histological subtypes of the tumor specimens (I<tt: 2.4 ± 0.3 nM, B m _ x : 319~66 fmol/mg).
Specific ET binding in the tissue sections of meningiomas was completely displaced by incubation in the presence of ET-1 with an IC so of 2.9 ± 0.7 X 10-9 M, whereas the affinity of ET-3 in these tissues was three to four orders of magnitude lower than that of ET-1 (IC so : 8.4 ± 2.5 X 10-6 M). In contrast, no significant displacement occurred with a concentration of S6c up to 10-6 M in meningioma tissue sections (Figs. 2 and 3  and Table 2 ). were performed accordin r to a modification of the method of Russell, et al.,3 as described previously by US. 19 The cultured meningioma cells, after a single passage, were treated with 0.1 % trypsin and 0.02% EDTA solution, suspended in DMEM/Ham's F-12 medium (F-12) (1:1) containing 0.1 % FBS and plated onto 24-well tissue culture plates at a density of 3 X 10 4 cellsl well. The cells were cultured at 37°C for 48 hours; next, the medium was changed to serum-free DMEM/F-12
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IG. 2. Representative autoradiograms of endothelin (ET) receptors in a transitional type of meningioma (Case 9). H & E, X 2.7 (A-E), X 165 (F)
.
·w-Thymidine Incorporation Studies
Incubation of meningioma cells (from Cases 6, 9, and 12), which were made quiescent by serum deprivation with increasing concentrations (10-13 to 10-7 M) of ET-l for 24 hours, induced a marked elevation of DNA synthesis in a dose-dependent manner. During this period, 3H-thymidine incorporation into cells increased about 200% to 300% above basal levels (Fig.  4) . The stimulation activity of ET-l was 35% to 40% of that induced in the presence of 5% FBS. To determine ET receptor subtypes mediating the mitogenetic action of ET, 3H-thymidine incorporation into meningioma cells was examined in the presence of increasing concentrations (10-13 to 10-7 M) of S6c, a selective agonist for ETB receptors; S6c failed to stimulate 3H_ thymidine incorporation in concentrations up to 10-7 M (Fig. 4 ). Although precise 50% effective concentration (EC so ) values were not determined, ET-I induced a significant DNA synthesis, even in a concentration as low as 10-13 M (Cases 9 and 12) or 10-12 M (Case 6) (Fig. 4) .
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N. Kitagawa, et al. (Fig. 5) . The highest concentration of pertussis toxin (100 ng/ml) reduced DNA synthesis by 40% (p < 0.01).
Discussion
Based on quantitative receptor autoradiography, the ETA receptor was predominantly expressed in human meningiomas. Our results show that only the ETA receptor is functionally associated with intracellular signaling mechanisms coupled to DNA synthesis in meningioma cells. This is the first report of evidence for the expression of the biologically active ETA receptor on human brain tumor cells.
Other workers have revealed that the ETA receptor is involved in the mitogenetic action of ET in cultured smooth-muscle cells, using BQ-123, a selective ETA receptor antagonist. 9 ,34 In Swiss 3T3 fibroblasts, ET stimulated phospholipase C with the production of inositol triphosphate and 1,2-diacylglycerol, thereby leading to an increase in intracellular free Ca++ mobilization through ETA receptors present on the cell surface. 35 ,47 Furthermore, the ETA receptor has been shown to mediate the stimulation of anchorage-independent cell growth by ET in NRK 49F fibroblasts, a cell line derived from peripheral mesenchymal tissue. 2o Meningiomas are believed to originate from CNS mesenchymal tissues, including arachnoidal cap cells (cells forming the outer lining of the arachnoid membrane) and related cells such as arachnoidal fibroblasts.
In conjunction with the present observation of enhanced expression of the functional ETA receptor in meningiomas, we believe that the ETA receptor may also have an important biological role in the proliferation of neoplastic cells derived from CNS mesenchymal tissues such as the leptomeninges.
Although precise EC 50 values were not determined, the affinity of ET-I for stimulation of DNA synthesis in cultured meningioma cells seems higher than that obtained in a competitive study using meningioma tissue sections and autoradiography. This discrepancy may be partially explained by differences in the preparations used. To minimize the possibility that the biological properties of CNS tumor cells might be altered during cell culture, we used only cells after a single passage. However, cultured cells may not always exhibit the same receptor characteristics as those in original tissue in situ. Meningioma cells during the logarithmic growth phase (subconfluent cultures), which we used in our 3H-thymidine incorporation study, might exhibit a higher affinity for the ETA receptor
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The stimulation of 3H-thymidine incorporation into meningioma cells (Case 6) in the presence of 10-7 M ET-I or 10-7 M EGF was about 200% or 650% above the basal level, respectively (apparent units of the data (cpm/3 X 10 4 cells): basal stimulation in serum-free condition = 3935 ± 336; 10-7 M ET-l = 8269 ± 1061 (p < 0.01 vs. basal stimulation); 10-7 M EGF = 26,169 ± 4226 (p < 0.0001 vs. basal stimulation». A 3-hour preincubation period of the cells with pertussis toxin resulted in a concentration-dependent reduction of ET-1-induced DNA synthesis, whereas EGF-induced DNA synthesis was not affected (Fig. 5) . The highest concentration of pertussis toxin (100 ng/ml) reduced DNA synthesis by 40% (p < 0.01).
Discussion
Although precise EC 50 values were not determined, the affinity of ET-I for stimulation of DNA synthesis in cultured meningioma cells seems higher than that obtained in a competitive study using meningioma tissue sections and autoradiography. This discrepancy may be partially explained by differences in the preparations used. To minimize the possibility that the biological properties of CNS tumor cells might be altered during cell culture, we used only cells after a single passage. However, cultured cells may not always exhibit the same receptor characteristics as those in original tissue in situ. Meningioma cells during the logarithmic growth phase (subconfluent cultures), which we used in our 3H-thymidine incorporation study, might exhibit a higher affinity for the ETA receptor to 10-9 M) were comparable to reported values for the binding to other nonvascular tissues. 7 ,14,18,26,33,54,56 It has not yet been determined whether the binding parameters (~and B max ) differ between tissue sections and cultured cells of meningiomas. Alternatively, the halfmaximum concentration of ET-l for stimulation of DNA synthesis (EC so ) in cultured meningioma cells could be lower than that for inhibition of 125I_ET_l binding (IC 50 ) to the cell-surface receptors, as previously explained by the conception of a "spare receptor" (receptor reserve).32,44 A similar difference between EC so and IC 50 has been reported in the ETA receptor on human neuroblastoma cells in the stimulation of phosphoinositide hydrolysis. 54
It is noteworthy that stimulation of DNA synthesis in cultured cells from an anaplastic meningioma (Case 12, Fig. 4A ) was higher than in a transitional meningioma (Case 9, Fig. 4B ) or a fibroblastic meningioma (Case 6, Fig. 4C ). Since no significant difference in ET binding characteristics (B max and~) among histological subtypes of meningiomas was found in this study, the underlying mechanisms of this ditIerence in the stimulation of DNA synthesis are unknown. Endothelin may have a potent biological role in malignant meningiomas. Indeed, ET-induced DNA synthesis in cultured meningioma cells derived from a malignant meningioma exceeded control levels by more than 300% (N Kitagawa and K Tsutsumi, unpublished observation). In this regard, human malignant gliomas have already been shown to exhibit a higher number of ET binding sites than those in benign astrocytomas or the normal cerebral cortex;18 their predominant ET receptor subtypes have not been determined.
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The existence of an autocrine or paracrine system for ET in meningioma tissue has not been established. However, recent studies revealed that ET-l functions as an autocrine/paracrine growth factor in various cells including human cancer cell lines 8 ,21,42,45 and cultured fibroblasts,22,2~,47 findings similar to meningeal cells regarding their mesenchymal origin. In addition, ET-l stimulates DNA synthesis in Swiss 3T3 fibroblasts synergistically with other growth factors such as EGF, platelet-derived growth factor, and basic fibroblast growth factor. 5 . 22 These other growth factors as well as insulin-like growth factor-l stimulate DNA synthesis in cultured meningioma cells in vitro, 1~,53 Taken together, it may be that the vasoactive peptide endothelin also acts as an autocrine growth factor for human meningiomas, either when added alone to the cells or in combination with other polypeptide growth factors, Capillary endothelial cells can produce and secrete
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ET,58 and meningioma is a hypervascular CNS tumor. Thus in a paracrine fashion, the endothelium of the tumor vessels might be a source of ET for meningioma cells. Plasma-derived ET may be another source of peptide for meningioma cells, since the blood-tumor barrier in meningiomas is incomplete and reported ET concentrations in human plasma (1 to 20 pg!ml),12,39,46 which approximately correspond to 10-13 to 10-12 M, are sutIicient to stimulate DNA synthesis in meningioma cells, as demonstrated in this study. The transmembrane signals mediating the biological action of ET in the meningioma cells were not fully investigated in this report; however, pretreatment of meningioma cells with pertussis toxin induced a concentration-dependent reduction in ET-stimulated DNA synthesis of up to 60% of the control level; these findings are consistent with data on cultured aortic smoothmuscle cells. 4 This effect was not due to any nonspecific toxicity, since EGF-induced DNA synthesis was unatIected, Insensitivity to pertussis toxin is a common feature of growth factors acting via tyrosine kinasedependent mechanisms. 6 Our data suggest that ET may stimulate mitogenesis in meningioma cells partially through a pertussis toxin-sensitive pathway, the underlying mechanisms of this ditIerence in the stimulation of DNA synthesis are unknown. Endothelin may have a potent biological role in malignant meningiomas. Indeed, ET-induced DNA synthesis in cultured meningioma cells derived from a malignant meningioma exceeded control levels by more than 300% (N Kitagawa and K Tsutsumi, unpublished observation). In this regard, human malignant gliomas have already been shown to exhibit a higher number of ET binding sites than those in benign astrocytomas or the normal cerebral cortex;18 their predominant ET receptor subtypes have not been determined.
ET,58 and meningioma is a hypervascular CNS tumor. Thus in a paracrine fashion, the endothelium of the tumor vessels might be a source of ET for meningioma cells. Plasma-derived ET may be another source of peptide for meningioma cells, since the blood-tumor barrier in meningiomas is incomplete and reported ET concentrations in human plasma (1 to 20 pg!ml),12,39,46 which approximately correspond to 10-13 to 10-12 M, are sutIicient to stimulate DNA synthesis in meningioma cells, as demonstrated in this study. The transmembrane signals mediating the biological action of ET in the meningioma cells were not fully investigated in this report; however, pretreatment of meningioma cells with pertussis toxin induced a concentration-dependent reduction in ET-stimulated DNA synthesis of up to 60% of the control level; these findings are consistent with data on cultured aortic smoothmuscle cells. 4 This effect was not due to any nonspecific toxicity, since EGF-induced DNA synthesis was unatIected, Insensitivity to pertussis toxin is a common feature of growth factors acting via tyrosine kinasedependent mechanisms. the underlying mechanisms of this ditIerence in the stimulation of DNA synthesis are unknown. Endothelin may have a potent biological role in malignant meningiomas. Indeed, ET-induced DNA synthesis in cultured meningioma cells derived from a malignant meningioma exceeded control levels by more than 300% (N Kitagawa and K Tsutsumi, unpublished observation). In this regard, human malignant gliomas have already been shown to exhibit a higher number of ET binding sites than those in benign astrocytomas or the normal cerebral cortex;18 their predominant ET receptor subtypes have not been determined.
ET,58 and meningioma is a hypervascular CNS tumor. Thus in a paracrine fashion, the endothelium of the tumor vessels might be a source of ET for meningioma cells. Plasma-derived ET may be another source of peptide for meningioma cells, since the blood-tumor barrier in meningiomas is incomplete and reported ET concentrations in human plasma (1 to 20 pg!ml),12,39,46 which approximately correspond to 10-13 to 10-12 M, are sutIicient to stimulate DNA synthesis in meningioma cells, as demonstrated in this study. The transmembrane signals mediating the biological action of ET in the meningioma cells were not fully investigated in this report; however, pretreatment of meningioma cells with pertussis toxin induced a concentration-dependent reduction in ET-stimulated DNA synthesis of up to 60% of the control level; these findings are consistent with data on cultured aortic smoothmuscle cells. 4 This effect was not due to any nonspecific toxicity, since EGF-induced DNA synthesis was unatIected, Insensitivity to pertussis toxin is a common feature of growth factors acting via tyrosine kinasedependent mechanisms. 6 Our data suggest that ET may stimulate mitogenesis in meningioma cells partially through a pertussis toxin-sensitive pathway, 5 ! Depending on target cells, ET receptors are coupled to phospholipase C via a G protein (G) sensitive 24, 37 or insensitive 27 ,29,48 to pertussis toxin. in cultured mouse astrocytes 27 and rat C6 glioma cells, 5 ! Depending on target cells, ET receptors are coupled to phospholipase C via a G protein (G) sensitive 24, 37 or insensitive 27 ,29,48 to pertussis toxin. in cultured mouse astrocytes 27 and rat C6 glioma cells, 7 ET-l reduced cyclic adenosine monophosphate accumulation possibly through inhibition of adenylate cyclase via G i , a pertussis toxin substrate. Endothelin receptors are also thought to be functionally linked to Ca++ channels or to nonselective cation channels via a pertussis toxin-sensitive G protein in cultured mouse striatal astrocytes,27 Which pertussis toxin-sensitive mechanism is involved in ET-induced DNA synthesis in meningioma cells remains to be studied, 
